INTRODUCTION {#SEC1}
============

In biological system, polypeptide subdomains can self-assemble into complex protein motors to achieve lots of functions such as cargo transport, molecular recognition and cell locomotion ([@B1]). Inspired by the biological machinery, many artificial molecular motors have been designed and fabricated to mimic the motions of protein motors ([@B2]). ATP synthase ([@B3]) and the bacterial flagellar motor ([@B4]) are two rotary protein machines which achieve rotating torque *via* chemical fuels. It is still challenging to make synthetic nanomachines to mimic these rotary motors ([@B5]).

Recently, DNA nanotechnology where DNA is used as material to construct nanostructures, has shown its power in various nanodevice fabrication ([@B6]--[@B12]). Several DNA nanomachines has been built to achieve the circular rotating motion ([@B13]--[@B22]). For example, 180^o^ rotation was achieved either driven by strand displacement reaction ([@B13]) or cation triggering ([@B19]); a clockwise or anticlockwise walking route was accomplished on a bipedal stepper ([@B14]); most recently, a mechanically interlocked nanomotor was constructed to realize random rotation ([@B20]). Even though, there is still large space left to further improve the DNA based rotary motor, because the previous designs are relatively complicate, and the controllability of rotating angle/step is low. A minor change in the rotating step need to redesign the whole DNA sequences. In fact, nature is quite smart and already realize the diversity in rotation by assembling different number of subunits with similar functions. Hence, the artificial rotary motor can be fabricated with the similar manner, that is, assembling the building block/subunit with certain size and similar function together, to get an integral nanomachine. Hence, it is crucial to choose a suitable building block/subunit.

DNA tetrahedron, which was first fabricated by Goodman and Turberfield in 2004 ([@B23],[@B24]), is one of the simplest 3D nanostructures that is assembled entirely by short oligonucleotides (\< 100 nt). DNA tetrahedron has been applied in many fields since it was created due to its unique advantages. For example: (i) The structure is stable enough even inside the cell. Hence, it has been taken as a promising capsule for drug/gene delivery and bioimaging both *in vitro* and *in vivo* ([@B25]--[@B31]). (ii) 3D tetrahedron is structurally rigid. Therefore, it can be used as scaffold to assemble metal nanoparticles or proteins ([@B32]--[@B34]). Furthermore, DNA tetrahedron has also been used as spacers in biosensors to improve the detection sensitivity ([@B35]--[@B39]). (iii) DNA tetrahedron is easy to assemble with a high yield and low cost. Four oligonucleotide strands that are achievable on automated DNA synthesis and a simple one-pot annealing step is facile enough to form the structure quantitatively ([@B23],[@B24],[@B40]). (iv) The tetrahedron can be easily modified both on the vertex and the edge for different functionalities ([@B41],[@B42]). The pioneer works show that DNA tetrahedron could be an ideal building block for constructing higher-order structures ([@B43],[@B44]). Wang *et al.* achieved tetrahedron dimer and trimer through the hybridization of single strands extended from the vertexes ([@B43]). Focke\'s group also assembled a dimer structure by loop hybridization (DNA-DNA kissing strategy) ([@B44]). However, advanced assemblies with DNA tetrahedron as subunit have not been achieved yet.

In this work, we explored the possibility of using DNA tetrahedron to construct complex nanostructures. A series of circular assemblies were constructed *via* a stepwise self-assembly strategy. These circular nanostructures were validated by endonuclease digestion, gel electrophoresis and atomic force microscopy (AFM). Moreover, a rotary DNA motor was achieved by assembling four tetrahedrons with different track strands into a circular stator. The locomotion of the motor was monitored by the real-time fluorescent measurement.

MATERIALS AND METHODS {#SEC2}
=====================

Materials {#SEC2-1}
---------

DNA strands were purchased from Sangon (Shanghai, China), and the sequences are listed in the supporting information. Tris(hydroxymethyl)aminomethane hydrochloride (Tris) was purchased from Bio-Rad (Singapore); MgCl~2~ were from Quality Reagent Chemical (Singapore); EDTA were from USB biochemical (USA); agarose was purchased from Bio-Rad (Singapore); 100bp DNA ladder was from Thermo Fisher (Singapore); Endonuclease MspI and BspHI were purchased from New England Biolabs (Singapore). Ultrapure water with 18.2 MΩ·cm was used in all experiments.

Apparatus {#SEC2-2}
---------

UV absorbance was measured on a Shimadzu UV-1800 spectrophotometer. Size exclusion chromatography (SEC) was run on Shimadzu UFLC system. Agarose gel was run on the Bio-Rad horizontal electrophoresis system (Wide Mini-Sub Cell GT Cell). AFM images were obtained on a Bruker Multimode 8 SPM equipped with a liquid cell. DLS were undertaken on Malvern Zetasizer Nano ZSP instrument. Real time fluorescent spectrum was obtained on Shimadzu RF-5301 Spectrofluorophotometer with the software Labsolutions RF.

Construction of single tetrahedron {#SEC2-3}
----------------------------------

The DNA strand was dissolved in ultrapure H~2~O to make a stock solution, and the concentration was determined with UV absorbance at 260 nm. Four strands with equal molar quantities were mixed in TEM buffer (10 mM Tris--HCl, pH 8.0, 1mM EDTA, 20 mM MgCl~2~) to a concentration of 100 nM for each strand. The aforementioned assembly solutions were kept at 95 °C for 10 mins, and then cooled down to room temperature in atmosphere for 2 h. The tetrahedrons were characterized on 6% native polyacrylamide gel electrophoresis (PAGE).

Construction of circular and lattice structures {#SEC2-4}
-----------------------------------------------

The tetrahedrons constructed above were used directly without further purification. The concentration for each tetrahedron was taken as 100 nM.

### Circular dimer {#SEC2-4-1}

The two monomer T~11~ and T~1'1'~ were mixed with equal molar quantity, e.g. 100 nM × 200 μl, and incubated overnight at room temperature. The crude product was ready for further purification and characterization.

### Circular trimer {#SEC2-4-2}

200 μl T~12~ were mixed with 200 μl T~12'~ and incubated overnight at room temperature to form a dimer first. Then the dimer was further hybridized with 200 μl T~1'1'~ for another 12 h to get the final product. The crude product was ready for further purification and characterization.

### Circular tetramer {#SEC2-4-3}

200 μl T~12~ were hybridized with 200 μl T~12'~ overnight to make a Dimer 1. At the same time, 200 μl T~1'2~ were hybridized with 200 μl T~1'2'~ to make a Dimer 2. The final circular tetramer was obtained by mixing and incubating Dimers 1 and 2 for another 12 h. The crude product was ready for further purification and characterization.

### Circular pentamer {#SEC2-4-4}

200 μl T~12'~ were hybridized with 200 μl T~1'2'~ overnight to make a dimer. At the same time, 400 μl T~1'2~ were hybridized with 200 μl T~11~ to make a trimer. The dimer and trimer were purified by SEC first, and then mixed with equal molar quantity and incubated for another 12 h to get the final circular pentamer.

### Circular hexamer: {#SEC2-4-5}

400 μl T~1'2~ were hybridized with 200 μl T~11~ overnight to make a Trimer 1. At the same time, 400 μl T~1'2'~ were hybridized with 200 μl T~11~ to make a Trimer 2. The Trimers 1 and 2 were purified by SEC first, and then mixed with equal molar quantity and incubated for another 12 h to get the final circular hexamer.

### Lattice hexamer {#SEC2-4-6}

The structure was fabricated by a circular tetramer and a linear dimer. The tetramer was constructed as the step descripted above with four tetrahedron T~12~, T~12'~, T~1'2~-O, T~1'2'~-O. Here, the name T~1'2~-O and T~1'2'~-O indicates that one more overhang is extended from the S2 strand of T~1'2~ and T~1'2'~ for further hybridization with the dimer. The dimer was formed by mixing T~2~-O' and T~2'~-O'. The circular tetramer and dimer were purified by SEC, and then mixed with equal molar quantity and incubated for another 12 h to get the final lattice hexamer.

### Lattice octamer {#SEC2-4-7}

The structure was made of two circular tetramers, 1 and 2. The tetramer was constructed as the step descripted above. Tetramer 1 was assembled with four tetrahedron T~12~, T~12'~, T~1'2~-O, T~1'2'~-O, and tetramer 2 was fabricated with T~12~, T~12'~, T~1'2~-O', T~1'2'~-O'. After SEC purification, the two tetramers were mixed with equal molar quantity and incubated for another 12 h to get the final lattice octamer.

SEC purification and characterization {#SEC2-5}
-------------------------------------

The SEC column (Phenomenex, BioSep-SEC-S 3000 300 × 7.8 mm) was used and the chromatograph was monitored at 260 nm. 50--500 μl of sample as-prepared or concentrated by Amicon Ultra-0.5 ml Centrifugal Filters-100K was injected into the UFLC system, and washed under isocratic elution in mobile phase (10 mM Tris--HCl, pH 7.3, 450 mM NaCl) with a flow rate of 0.5 ml/min. The target product peak was collected and concentrated by the Amicon Ultra-0.5 ml Centrifugal Filters-100K at 12 000 g to a desired volume. The yield of the product was calculated by integrating the peak area.

Endonuclease digestion experiment {#SEC2-6}
---------------------------------

The circular dimer, trimer and tetramer incorporated with the digestion site were purified by SEC and dispersed to NEBuffer 4 (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1 mM DTT, pH 7.9) by buffer exchanging with Amicon Ultra-0.5 ml Centrifugal Filters-100K. 50 μl of DNA sample (10 ng/μl) was incubated with 0.4 μl of BSA (Bovine Serum Albumin, 20 mg/ml), 2 μl of MspI (20, 000 units/ml), or BspHI (10 000 units/ml) or both of two enzymes at 37°C for 1 h. 3 μl SDS (sodium dodecyl sulfate, 5 wt%) was added to the sample which was treated with BspHI to disrupt binding. The enzyme digested samples were loaded onto 2.5% agarose gel directly for further analysis.

AFM characterization of different structures {#SEC2-7}
--------------------------------------------

Freshly cleaved mica was treated with 0.1% (v/v) APTES ((3-Aminopropyl) triethoxysilane) aqueous solution for 10 min to make the surface positively charged, and then washed with 2 ml ultrapure water and dried by compress nitrogen. 40 μl of SEC purified DNA structure with a concentration of 2 nM in TEM buffer was dropped onto the mica surface and incubated for 5 min. Then the sample was ready for measurement under the ScanAsyst in fluid mode with the ScanAsyst fluid+ probe (Bruker, Singapore).

Real time fluorescent monitoring of the rotary DNA motor {#SEC2-8}
--------------------------------------------------------

Before the experiment, the four components (stator, rotor, fuel strand and anti-fuel strand) were treated as following: The stator (circular tetramer) was purified by SEC and concentrated to 100 nM in TEM buffer. Two strands of rotor were mixed in TEM buffer to make a partial duplex structure with a concentration of 20 μM. The fuel strands (F1--F4) and anti-fuel strands (A1--A4) were dissolved into TE buffer (10 mM Tris--HCl, 1 mM EDTA, pH 8.0) to make a 40 μM stock solution.

The experiment was carried out at room temperature. The excitation and emission slit were set to be 3 and 5 nm respectively, and the excitation/emission wavelength for Texas red, FAM, Cy5 and HEX were set to be 590/611, 490/520, 640/662 and 530/555 nm respectively. 100 μl of purified stator was transferred to a cuvette, and then 0.5 μl of rotor was added. Then the real-time fluorescent monitoring at four different channels started. Two minutes later, 0.275 μl of fuel strands and anti-fuel strands were added successively and mixed by rapid pipetting. Two rotation cycles were achieved during 8 h of monitoring.

RESULTS {#SEC3}
=======

Design principle of the circular assemblies of DNA tetrahedrons {#SEC3-1}
---------------------------------------------------------------

The tetrahedron monomers were designed according to the literature ([@B23],[@B24]): each tetrahedron was made of 4 single DNA strands (S1-S4), with 20 base pairs in each edge. In order to make higher-order circular structures, desired overhangs located at the vertex point with 17-base long are extended from the same end of each strands. Two bases of the overhang sequence adjacent to the tetrahedron vertex are used as spacers, and the rest 15 bases are to hybridize with the overhangs on other tetrahedrons. The numbers and locations of overhangs can be further adjusted based upon the design of nanostructures. In principle, eight homo or hetero overhangs can be introduced to one tetrahedron, making the design of more diverse structures possible. In this work, at least overhangs on two different vertexes of each tetrahedron are required for constructing the circular assemblies. Here, the tetrahedrons are named as **T~mn~**, with **m** and **n** representing the two overhangs of different sequences (Figure [1A](#F1){ref-type="fig"}, [Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}).

![The schematic illustration of the circular structure design with the DNA tetrahedron as the building blocks. (**A**) The tetrahedron monomer (**T~mn~**) with two overhang sequences (m, n) extended from two vertices, respectively. (**B--D**) The self-assembly procedures for circular dimer, trimer and tetramer by using tetrahedrons with different overhangs.](gkx1045fig1){#F1}

For all the nanostructures in this work, a universal tetrahedron core was used for all **T~mn~**, and only the 17-base overhangs need to be redesigned according to the higher-order nanostructures. Hence, the sequence design is significantly simplified and special computer software is usually not required. In order to involve as few overhang sequences as possible, a stepwise assembly method was used. Only two counterparts participated in each step to achieve high assembly yield and simplify the purification. For example, there will be three steps to form a tetramer. Step 1: Different building blocks with two overhangs each, **T~mn~**, are annealed with high yield. Step 2: Two linear dimers were formed by two **T~mn~** with one pair of complementary overhangs. Step 3: Tetramers were assembled by the two linear dimers *via* second pair of overhangs (Figure [1D](#F1){ref-type="fig"}). In this case, only two pairs of overhangs (1, 1', 2 and 2') are needed for the construction of a series of circular assemblies. Overhangs **n** and **n'** are complementary to each other. The stepwise assembly processes of various circular **Tmn** architectures were illustrated in Figure [1](#F1){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}, and the detailed assembly procedures are shown in the MATERIAL AND METHODS Section.

Construction and characterization of the circular dimer, trimer and tetramer {#SEC3-2}
----------------------------------------------------------------------------

In order to assemble the dimer, trimer and tetramer, six tetrahedrons named T~11~, T~1'1'~, T~12~, T~12'~, T~1'2~ and T~1'2'~ were assembled with the strand design in [Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}. The tetrahedrons were characterized by polyacrylamide gel electrophoresis (PAGE) ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) and size exclusion chromatography (SEC) (Figure [2A](#F2){ref-type="fig"}, red curve). Both characterizations showed the high purity of the desired **T~mn~** (\>95%), indicating that they can be used directly for the following circular structure construction.

![SEC and 2.5% agarose gel electrophoresis of the tetrahedron monomer, dimer, trimer and tetramer. (**A**) The SEC profile of tetrahedron monomer (red line), dimer (green line), trimer (blue line) and tetramer (black line). The peaks of target products are labeled with asterisk, and the yields are indicated for each peak. (**B**) The 2.5% agarose gel electrophoresis of the tetrahedron monomer, dimer, trimer, and tetramer before and after SEC purification. Lane L: DNA ladder with 100--1000 base pairs; Lane 1--4: tetramer, trimer, dimer and monomer before purification; Lanes 5--8: monomer, dimer, trimer and tetramer respectively after SEC purification.](gkx1045fig2){#F2}

Circular dimer, trimer and tetramer were assembled according to the aforementioned method (Figure [1](#F1){ref-type="fig"}). By using the agarose gel electrophoresis ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), target bands can be observed in the crude products. The mobility of these products perfectly matched with the theoretical size of each entity (141, 282, 423 and 564 base pairs for the tetrahedron monomer, dimer, trimer and tetramer, respectively) according to the 100--1000 bp DNA ladder. However, some larger byproducts existed in the crudes, which were shown as the smeared band behind the desired products in the electrophoresis. Therefore, further purification was applied to obtain pure circular structures.

Herein, SEC was introduced to purify the crude products ([@B40],[@B43]). There are two main peaks on each chromatogram: a narrow peak with longer retention time and a broad peak with shorter retention time (Figure [2A](#F2){ref-type="fig"}). The narrower peak was identified by the agarose gel electrophoresis to be the target product with retention time of 16.2, 14.4, 13.2 and 12.4 min respectively from tetrahedron monomer to tetramer. The broad peaks were the large byproducts. After SEC separation, the target products were pure enough to show only one band on gel electrophoresis (Figure [2B](#F2){ref-type="fig"}). These results suggest the high purity of oligomeric nanostructures can be obtained.

The yields of each entity (60%, 57% and 40% for dimer, trimer and tetramer respectively) were calculated by integrating the peak area on SEC chromatogram. The slow decline in the assembly yields of these tetrahedron oligomers implied the assembly was a kinetic controlled process. Taken tetramer as an example, at the initial reaction state, the two linear dimers, T~12~ + T~12'~ and T~1'2~ + T~1'2'~, are supposed to firstly linked by one pair of overhang to form an open-state tetramer structure, which can further hybridize by another pair of overhang intramolecularly to form a circular structure, or intermolecularly with another linear dimer or open-state tetramer to form larger polymerized structures. The decrease of the yield from dimer to tetramer showed the competition between the intramolecular cyclization and intermolecular elongation. When the structure is small, like a dimer, the intramolecular hybridization is predominant because the distance between the two terminal tetrahedrons are close enough and the special orientations of vertex overhangs in the linear open structure favor ring closing assembly. In the case of larger circular assemblies, the distance between two terminal tetrahedrons in the linear open-state are extending spatially. As a result, intramolecular collision becomes less competitive versus intermolecular hybridization. To prove the hypothesis, the fraction of byproduct in tetramer was collected and characterized by AFM ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Larger aggregates composed of undefined high number of tetrahedrons were observed as expected. Based upon the kinetic control hypothesis, the intramolecular product (the circular structure) would be favored in a further diluted reaction solution. The idea was tested on tetramer structure. The yield of the circular tetramer can be increased to 49% from 40% once the concentration of two linear dimers were diluted for 2 folds ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

Although the assembly structures with desirable number of tetrahedron units were obtained, the circular assembly state needs to be further confirmed. Hence, endonuclease digestion was carried out in each entity to interrogate the complete hybridization of all the overhang pairs to close the ring structure. The overhangs of tetrahedron monomers were redesigned to incorporate the restriction sites of two endonucleases MspI (M) and BspHI (B). Five new tetrahedrons were prepared and named as T~MB~, T~MB'~, T~M'B~, T~M'B'~ and T~M'M'~, respectively. Herein, dimer was formed by mixing T~MB~ and T~M'B'~ (Figure [3](#F3){ref-type="fig"}, left). The products after endonuclease digestion were analyzed by the agarose gel electrophoresis. The mobility of the structures remained almost the same as the starting dimer after the treatment of any endonuclease alone, indicating the dimer structure was remained after any one of the two linkages was already cleaved. The dimer can be digested into monomer only in the presence of both MspI and BspHI (blue frame in Figure [3](#F3){ref-type="fig"}). This result confirmed two linkages formed between T~MB~ and T~M'B'~, and was consistent with our circular design. The trimer was made of (T~MB~ + T~MB'~) + T~M'M'~ with the three linkages as two MM' and one BB' according to the design. After digesting by MspI, there were two bands on the electrophoresis gel which belonged to a dimer and a monomer, while only one band corresponding to a trimer structure appeared if only BspHI was used. In the presence of both MspI and BspHI, monomer band can be obtained exclusively because all linkages in the circular trimer were cleaved (red frame in Figure [3](#F3){ref-type="fig"}). The tetramer was composed of (T~MB~ + T~MB'~) + (T~M'B~ + T~M'B'~), and there should be two MM' and two BB' linkages in the parallel positions respectively. Only dimer structures were obtained after digested with either MspI or BspHI alone, while monomer was the only digestive product after both endonucleases were applied (black frame in Figure [3](#F3){ref-type="fig"}). All the observations above can be obtained only if the target assemblies are circular structure as designed. Hence, the enzyme digestion results confirm the circular assembly of the oligomers in solution.

![Schematic illustration (left) and 2.5% agarose gel electrophoresis (right) for endonuclease digestion of the circular dimer, trimer and tetramer with MspI and BspHI. Lane L: DNA ladder with 100--1000 base pairs. Lane 1: tetrahedron monomer as a control; Lane 2: dimer without any enzyme; lane 3: dimer digested with MspI; lane 4: dimer digested with BspHI; lane 5: dimer digested by both of MspI and BspHI; lane 6: trimer without any enzyme; lane 7: trimer digested with MspI; lane 8: trimer digested with BspHI; lane 9: trimer digested by both of MspI and BspHI; lane 10: tetramer without any enzyme; lane 11: tetramer digested with MspI; lane 12: tetramer digested with BspHI; lane 13: tetramer digested by both of MspI and BspHI.](gkx1045fig3){#F3}

The morphologies of each assembly were further characterized by fluid mode AFM. The monomer was presented as small dots with a uniform size (Figure [4A](#F4){ref-type="fig"}). The high-resolution image in the inset showed a tetrahedron with the edge length of 11.9 ± 0.5 nm (Figure [4A](#F4){ref-type="fig"} and [Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). The size was larger than the theoretical value of 6.8 nm due to the broadening effect of the AFM tips ([@B43]). The dimers were shown as a short rod, and the two overhang linkages can be visualized in the amplified image. The lengths of the rod in short axial was 12.2 ± 1.1 nm, which was similar to the edge length of a single tetrahedron. The long axial was 28.4 ± 1.4 nm and was consistent with the length sum of two tetrahedral and one linkage (Figure [4B](#F4){ref-type="fig"} and [Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). An equilateral triangle structure can be clearly observed in AFM image of a circular trimer, with three DNA tetrahedrons distribute spatially equal at the vertex. The triangle was 26.8 ± 1.3 nm (Figure [4C](#F4){ref-type="fig"} and [Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}) in edge length. In the image of the circular tetramer, the four tetrahedrons arranged into a square or rhombus shape as expected, with an edge length of 28.4 ± 1.5 nm (Figure [4D](#F4){ref-type="fig"} and [Supplementary Figure S6D](#sup1){ref-type="supplementary-material"}). The edge lengths of dimer, trimer and tetramer were similar as the tetrahedral building blocks used the universal core and the same lengths for all the overhangs. These AFM images further confirmed that circular structures were successfully assembled according to the design. The sizes of the assemblies in solution were also measured by dynamic light scattering (DLS). The diameters of monomer, dimer, trimer and tetramer were 18.6, 38.2, 62.3 and 87.2 nm respectively (Figure [4E](#F4){ref-type="fig"}). It was not surprising that the sizes measured by DLS was larger than those measured by AFM, because the hydration layer wrapped around the assemblies must be taken into consideration for the structural sizes in solution.

![AFM and DLS analysis of the tetrahedron assemblies. (**A--D**) The fluid mode AFM images of the tetrahedron monomer (A), dimer (B), trimer (C) and tetramer (D). The inset is the amplified single structure. (**E**) The DLS profile of the tetrahedron monomer (red), dimer (green), trimer (blue) and tetramer (black).](gkx1045fig4){#F4}

Construction and characterization of assemblies with more than four tetrahedron units {#SEC3-3}
-------------------------------------------------------------------------------------

After constructing the circular dimer, trimer and tetramer successfully, much larger and more complex assemblies were further fabricated by using the DNA tetrahedron as building blocks. The assembly of circular pentamer and hexamer were attempted (Figure [5A](#F5){ref-type="fig"}). Following the stepwise assembly principle, the pentamer was constructed by hybridizing a linear dimer and trimer ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}), and the hexamer was fabricated by using two linear trimers ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). On the agarose gel electrophoresis, the pentamer and hexamer showed reasonable mobility according to both circular tetramer and the DNA ladder (Figure [5B](#F5){ref-type="fig"}). AFM images indicated most of the pentamer stayed in a pentagonal shape, with DNA tetrahedron located at each vertex (Figure [5C](#F5){ref-type="fig"}). In case of the circular hexamer, although some hexagons can be observed in the AFM image (Figure [5D](#F5){ref-type="fig"}), hexamers with irregular shape were also detected. The various topologies of hexamer were due to the increasing structural flexibility as the circular structure possessed a larger ring size. Hence, circular assemblies with more than six units in a single ring and a defined uniform topology may not be able to achieve.

![AFM and 2.5% agarose gel electrophoresis of the circular pentamer, hexamer and the lattice hexamer and octamer. (**A**) The schematic illustration of the larger circular structures. (**B**) 2.5% agarose gel electrophoresis of circular pentamer and hexamer. Lane L: DNA ladder with 100--1000 base pairs. Lane 1: circular tetramer as a control; Lane 2 and 3: circular pentamer and hexamer respectively. (**C** and **D**) The fluid mode AFM images of circular pentamer and hexamer. The inset is the amplified single structure. (**E**) 2.5% agarose gel electrophoresis of lattice hexamer and octamer. Lane L: DNA ladder with 100--1000 base pairs. Lane 1: circular tetramer as a control; Lane 2 and 3: lattice hexamer and octamer respectively. (**F** and **G**) The fluid mode AFM images of lattice hexamer and octamer. The inset is the amplified single structure.](gkx1045fig5){#F5}

In order to assemble nanostructures with larger numbers of tetrahedron units and rigid 3D confirmations, we try to extend the circular tetramers in a lattice pattern. Therefore, the lattice structures with six and eight building blocks were fabricated, named as lattice hexamer and lattice octamer. The lattice hexamer was constructed by a circular tetramer and a linear dimer, while the lattice octamer was assembled by two circular tetramers (Figure [5A](#F5){ref-type="fig"}, [Supplementary Figure S1C and S1D](#sup1){ref-type="supplementary-material"}). One more overhang was introduced into the tetrahedron at the three-way vertex in the lattice structures. The band mobility confirmed the purity and the size of the nanolattice by comparing to the DNA ladder and the circular tetramer structure (Figure [5E](#F5){ref-type="fig"}). The morphology of 2 × 3 and 2 × 4 lattices can be visualized by AFM (Figure [5F](#F5){ref-type="fig"} and [G](#F5){ref-type="fig"}). Thus, the lattice design with tetrameric ring as block unit can afford a more defined 3D topology of large assemblies than single ring design. These results suggest that larger and more complex structures can be constructed by self-assembly of DNA tetrahedron.

Circular tetramer as a stator in the rotary DNA motor {#SEC3-4}
-----------------------------------------------------

Inspired by the rotary protein motor, a dynamic rotary DNA motor system was designed with the circular tetramer as the stator as shown in Figure [6](#F6){ref-type="fig"}. There are four components in the rotary motor: a circular stator (CS), a rotor (R), fuel strands (F1-F4) and anti-fuel strands (A1-A4) (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). The stator is a circular tetramer constructed by four different DNA tetrahedrons, T~12~-t1, T~M'2'~-t2, T~MB~-t3 and T~1'B'~-t4. Here, t1 to t4 were four track strands extend from the 5′ or 3′ end of S1 alternatively in T~12~, T~M'2'~, T~MB~ and T~1'B'~. Four pairs of overhangs were used to fabricate the circular tetramer in order to assemble the four track strands in the order of t1→t2→t3→t4. To track the motion of DNA rotor *via* real-time fluorescence, the four track strands (t1--t4) were labeled with Texas red, FAM, Cy5 and HEX respectively at the strand terminal. To construct the circular stator, two tetrahedron dimers (T~12~-t1+T~M'2'~-t2) and (T~MB~-t3+T~1'B'~-t4) were assembled first, and then mixed together to assemble the target architecture. The stator was purified by SEC and further characterized by AFM ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). The rotor, similar as the linear walker developed by Shin and Pierce ([@B45]), was composed of two partially hybridized DNA strands, with two single-stranded legs (L1 and L2). Two quencher BHQ2 and BHQ1 were labeled at the sing-stranded end of L1 and L2, respectively. The fuel strands (F1--F4) are 50-base single-stranded oligonucleotides with four functional parts: a 17-base fragment to hybridize with the track strand on the stator, an 18-base fragment to hybridize with the leg of the rotor, a 5-base spacer between the 17-base and 18-base sequence and a 10-base overhang for the strand exchange reaction with the anti-fuel strands. Anti-fuel strands are completely complementary to the corresponding fuel strands.

![The design and locomotion of the rotary DNA motor. (**A**) The schematic illustration of the components of the motor: stator, rotor and fuel strand. (**B**) The schematic locomotion of the rotary DNA motor and (**C**) the real-time fluorescent monitoring at four different channels. The excitation/ emission wavelengths for Texas red, FAM, Cy5 and HEX were 590/611, 490/520, 640/662 and 530/555 nm respectively.](gkx1045fig6){#F6}

The rotation of the motor system was triggered by the addition of fuel strands and anti-fuel strands successively (Figure [6B](#F6){ref-type="fig"}). The real-time locomotion of the motor system was monitored by the quenching of fluorochromes at different vertex positions of the stator (Figure [6C](#F6){ref-type="fig"}). One leg on the rotor (L1) was first anchored on the tract t1 of the stator by adding the fuel strand, F1. In this case, the quencher BHQ2 on the rotor was close enough to induce significant fluorescence attenuation of Texas red labeled on t1. Second step, F2 was added to walk L2 onto track t2. Similarly, a decrease on the fluorescent emission of FAM on track t2 was observed due to the quenching by BHQ1 on L2. Third step to free L1 from t1, A1 was added to pull off F1 by a strand displacement reaction, along with the production of an F1--A1 duplex as a waste. At the same time, the fluorescence of Texas red increased rapidly. Fourth step to walk rotor to position 3 on the stator, the addition of F3 trigger the movement of L1 to track t3, and the motor system rotated forward to the diagonal position. In the following steps, A2, F4 and A3 were added step by step to drive the rotor walk along the stator in a circular fashion, accompanied with the corresponding fluctuation on the fluorescent intensity of FAM, Cy5 and HEX. After F1 was added, the rotor entered the second cycle of rotation on the tetra-vertex stator (Figure [6C](#F6){ref-type="fig"}). The fluorescence of chromophores on the four vertexes were attenuated and regenerated in the same pattern as in the first cycle. The fluorescent intensity of all the xanthene dyes (Texas Red, FAM and HEX) remained without significant attenuation over several cycles. Even though Cy5 have experienced apparent photo bleaching, near full fluorescence recovery at the rest three tracks on stator indicated the successful operation of the rotary motor (Figure [6C](#F6){ref-type="fig"}). Here, two rotation cycles were achieved during the monitoring period. In principle, the motor can keep moving if the fuel strands and anti-fuel strands are continuously supplied.

DISCUSSION {#SEC4}
==========

The successful assembly of these circular structures lies in two aspects. First, the high purity and yield of the tetrahedron monomers must be guaranteed. The previous work showed that the tetrahedron building blocks need to be purified in advance to achieve a high yield in linear assembly ([@B43]). We found in this work that the tetrahedron can be used directly for further assembly. The key point lies in the concentration of the DNA stands applied for the tetrahedron formation. A relatively high concentration (such as 1 μM) could lead to higher amounts of byproducts than the desired tetrahedron. While in our work, a 100 nM annealing concentration made the tetrahedron pure enough (\>95%) for direct higher-order structure assembling. While the stock solution with high concentration can be readily prepared via centrifuge filtration technique. Second, a stepwise assembly strategy was adopted. Hence, the number of overhang sequence was significantly reduced. Only the overhangs used in the same step were required to be different in the sequences, which allowed the recycle of overhang sequences and tetrahedral blocks in other assembly step and simplified the design of a complicate structure. For instance, only two pairs of overhang were used to achieve the nanostructure as large as a circular hexamer. One more pair overhang made the successful construction of the lattice structure possible.

The applicable property of the circular architectures was tested on a dynamic rotary motor system. The tetramer was taken as the stator in the present work, and two rotation circles were achieved. Due to the well-defined architectures of these circular assemblies, the relative distance and spatial arrangements between each tetrahedron are fixed. More remarkably, the sizes, steps and walking patterns of the rotary motor can be highly manipulated by the present assembly strategy because the number and position of the tetrahedron are readily controllable. In fact, by sophisticated design of the track sequences, different walking routes can be achieved on the same stator, such as a 'Z' path vs the '**⋄**' path in the present work. The lattice structures can be also used as stators to achieve multiple walking routes, e.g. 'S' or '8' shape. Furthermore, with adoption of functional DNA sequences to the tracks, besides the fuel strands, our stator could also be powered by and/or respond to multiple stimuli module, like those in a reported DNA stepper system with circular DNA as the stator ([@B14]). Whereas, the structural flexibility and the potential uncertainty on the distance and dynamic conformation of the walking route due to the single stranded circular DNA can be overcome in our stators made of DNA tetrahedron here. The circular rotating motion offered the promising potentials to mimic the rotary motions in many essential protein machineries. Though the central shaft was still missing in the present motor, the assembling manner with DNA tetrahedron as the subunit as well as the stepwise circular walking has shown the similarity as the proton channel subunits in ATP synthase and bacterial flagellar motor.

In conclusion, tetrahedron as a simple 3D DNA nanostructure built by oligonucleotide strands, was shown to be an ideal building block for constructing self-assembled architectures with well-defined 2D/3D configuration on nanometer-scale. A series of circular tetrahedron assemblies, from dimer to hexamer, and even complicate structures like lattice hexamer and octamer, were fabricated successfully. All of the architectures were well characterized by SEC, gel electrophoresis, enzyme digestion, AFM and DLS experiments. The highlight of using DNA tetrahedron as the building block lies in simple design, easy-preparation, facile assembly and high yields. Higher-order structures can be obtained easily by only reprogramming short overhang sequences, without the needs to redesign the sequences of the entire tetrahedron units. As a proof-of-concept, a rotary DNA motor system was successfully designed by using the circular tetramer as the stator. The DNA rotor could walk stepwise following a circular track. This work offered an indispensable missing piece in the library of DNA nanomotors and enriched the functionality of biomimetic nanomachinery. From this example, it can be envisioned that more complicate motions of biological machinery can be mimicked by DNA nanodevices with complex assembly architecture. This work could inspire a breakthrough in the construction and functions of the rotary DNA motor and extend the biomolecular motors to broad fields, such as templated chemical synthesis ([@B46],[@B47]). Furthermore, the facile assembly of DNA tetrahedrons to well-defined architectures would show the promising potentials beyond DNA nanotechnology to drug delivery, bioimaging and other biomedical technologies.
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